the molecules.
Vibrio parahaemolyticus, a marine bacterium, may cause gastroenteritis when introduced into humans through seafoods (1) . Past epidemiological studies revealed that almost all clinical isolates induced Kanagawa phenomenon (KP+), i.e., a zone of p-type hemolysis around the colony on a special blood agar (Wagatsuma agar), whereas only 1 to 2% of environmental isolates were KP+ (14, 22) . Production of Kanagawa hemolysin or the thermostable direct hemolysin (TDH) is responsible for the Kanagawa phenomenon; thus, TDH has been considered a major virulence factor (26) . TDH is cytotoxic to various cultured cells and is a potent cardiotoxin, but its enteropathogenicity has not been clearly demonstrated in experimental animals (26) . In addition, isolation of the strains which do not show the Kanagawa phenomenon (KP-) from clinical sources, although frequency has been very low, apparently disproves a pathogenic role for TDH.
We analyzed the gene encoding TDH (the tdh gene) and made the DNA probe and oligonucleotide probes specific to the tdh gene (17) (18) (19) . The studies using the probes resulted in two findings which can explain the above-mentioned contradiction. Some of the KP-clinical strains had the tdh genes, but the genes were not efficiently expressed under in vitro conditions (17, 18 ; M. Nishibuchi and J. B. Kaper, submitted for publication). Another finding was that a KP+ isolate spontaneously lost the tdh gene and became KP- (18 We recently studied the cases of traveller's diarrhea originating in an outbreak of gastroenteritis in the Republic of Maldives and found that the outbreak was caused by another type of KP-V. parahaemolyticus (5) . The isolates did not carry the tdh gene, but it was subsequently found that one of such isolates produced the TDH-related hemolysin (TRH) . TRH was immunologically similar to TDH, but the two hemolysins had significantly different physicochemical characteristics and lytic activities for various erythrocytes (6) . In this study, we cloned the gene encoding TRH (named the trh gene) and compared TDH and TRH on the basis of the nucleotide sequences of the genes. Our results suggested that the two hemolysins have diverged significantly from a common ancestor but that they maintain a fundamental molecular structure.
MATERIALS AND METHODS
Bacterial strains, media, and plasmids. V. parahaemolyticus WP1 and S162-71 were used as a positive and a negative control, respectively, in the DNA colony hybridization test with the tdh gene. The sources of the two strains were described previously (19) . Eleven KP-strains of V. parahaemolyticus were isolated from travelers with diarrhea returning from the Republic of Maldives at the Osaka International Airport Quarantine Station during the year 1985 (5) . Other Vibrio species used as negative controls in the DNA colony hybridization test had been maintained as stock cultures in our laboratory. Escherichia coli HB101 (3) and JM103 (12) were used as hosts for propagating plasmids and bacteriophage M13 clones, respectively. To grow E. coli HB101 and its derivatives, LB medium (13) DNA colony hybridization test. The DNA colony hybridization test with the 415-base-pair (bp) DNA probe derived from the internal portion of the tdh gene was carried out as described previously (16, 18) with minor modifications. The method was modified so that the hybridization was performed under different stringencies. The hybridization stringency was controlled by changing the concentration of formamide in the hybridization solution and the temperature at which the colony blot was washed after hybridization (15) . Under high stringency (stringency A), the hybridization solution containing 50% formamide was used and the blots were washed at 65°C. Reduced stringencies (designated stringencies B, C, D, and E) were set up by using the combinations of formamide concentration and washing temperature of 40% and 65°C, 35% and 61.5°C, 25% and 54.5°C, and 20% and 51°C, respectively.
Plasmid assay. Plasmid contents of V. parahaemolyticus isolates which originated in the Maldives outbreak were assayed by the method of Kado and Liu (7).
Southern blot hybridization. The DNA digested with a restriction endonuclease was electrophoresed in a 0.8% agarose gel, blotted onto a nitrocellulose sheet by the method of Southern (25) , hybridized with the tdh gene probe (18) , and autoradiographed. The hybridization procedure was the same as that used for the DNA colony hybridization test described above, and the formamide concentration and washing temperature selected were 35% and 61.5°C, respectively (corresponding to stringency C [see Table 1 ]).
General cloning techniques. Total DNA was extracted by a modification of the method of Marmur (10) as described by Seidler and Mandel (24) . Digestion of DNA with restriction enzymes, gel electrophoresis, isolation of DNA fragments from the gel, ligation, and transformation were performed as previously described (19 residues as a test segment and for possible secondary structure by the method of Chou and Fasman (4).
RESULTS
DNA colony hybridization test. V. parahaemolyticus isolates derived from the outbreaks in the Maldives and other control strains were examined with the tdh gene probe under different hybridization conditions by the DNA colony hybridization method, and the results are summarized in Table  1 . Hybridization results under a high stringency (stringency A in Table 1 ) indicated that 11 Maldives isolates did not carry the tdh gene. They did, however, exhibit positive reactions under a reduced stringency, while other control strains (except WP1) were still negative under the same conditions (stringency C in Table 1 ). The results indicated that Maldives isolates carry nucleotide sequences homologous to but not identical to the tdh gene. The homology was estimated to be more than 72.5% but less than 80% on the basis of the hybridization conditions (15) . The homologous sequence was assumed to be the trh gene.
Cloning the trh gene. Eleven Maldives isolates were assayed for their plasmid contents. Only three of the isolates contained small plasmids (data not shown), suggesting that the trh gene was present on the chromosome. Total DNA was extracted from one selected strain, AQ4037, which was shown to produce TRH (6 (Fig. 1) . Southern blot hybridization analysis of various restriction fragments of pBIK8 indicated that, of the two cloned AvaI fragments, the fragment containing a Hindlll site carried the presumed trh gene (data not shown). Since AvaI-AvaI ligation did not regenerate the AvaI site at one end of the above-mentioned AvaI fragment, probably because of ligation between nonidentical Aval-end sequences, the 3.1-kb AvaI-SalI fragment of pBIK8 carrying the presumed trh gene was isolated and ligated with AvaI-and Sall-cleaved pBR322 ( Fig. 1) and transformed into E. coli HB101. Transformants were screened for hemolysin production on LB agar containing ampicillin and calf erythrocytes. One hemolytic clone harbored a recombinant plasmid, pBIK9 (Fig. 1) . Restriction mapping revealed that pBIK9 was not generated by simple Sall-Sall and AvaI-AvaI sticky-end ligation. It contained the 3.1-kb AvaI-SalI fragment cloned in the reverse orientation. Possible reasons for the ligation event are discussed later. The hemolysis zone around the colony of E. coli HB101 (pBIK9) was larger than that of E. coli HB101(pBIK8). Intracellular hemolysin production in E. coli HB101(pBIK9) was also examined. The TCiAGCA&TC IJGJCAAAA CCACATAAX8_ATTAATTAT GAAACTAAAA CTCTACTTTG   dh----ACC--TAT-TTGCAA   t1dh   -----GTACCG-TAT-TTGCAA   70   s0   90  100  110  120 CTTTCAGTTT GCTATTGGCT TCGATATTTT CAGTATCTAA ATCATTCGCG ATTGACCTAC TG   250  260  270  280  290  300 TAAAACGAAA ACCATATAAA AGCGTTCACG GTCAATCTAT TTTCACGACT TCAGGCTCAA 
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560 570 580 590 600 ATGGGCATAT GTTTGTTATG TGTATTTCCA ATAAATCATC ATTTGATGAA parahaemolyticus strains carry two similar but not identical tdh gene copies named tdhl and tdh2 [Nishibuchi and Kaper, submitted] ) indicated that the nucleotide sequences surrounding the trh gene and those surrounding the tdh gene copies were not similar (Fig. 3) . The results suggest that the trh gene was not generated by simple mutation of the tdh gene or vice versa.
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The fine restriction map of the trh gene-bearing AvaI (Fig. 4) . A sequence homologous to the consensus sequence of the E. coli Shine-Dalgarno sequence (9) 70  80  90  100 110 120 N--AN----D-G-I--KM------------------S-N IL-------E  --DQVQ-QHS -D--AN----D-D-I--KM------------------S-N IL------ shown in Fig. 3 , and transcription was directed toward the HindIII site (698 bp downstream of the HpaI site, not shown in Fig. 4) . Therefore, the trh gene was presumably transcribed from the promoter of the truncated tet gene in pBIK9 (Fig. 1) . When the sequences outside the coding regions were compared, sequence homology between the trh gene and tdh gene copies was not detected (not shown in Fig. 4) . The coding region of the trh gene had 68.4 and 68.6% homology with the tdhl and tdh2 gene copies, respectively. The difference in the nucleotide sequences among the trh, tdhl, and tdh2 gene copies can be accounted for by various types of base changes but they had similar G-plus-C contents (35.1, 35.6, and 35.6%, respectively). Like the tdh gene copies, the trh gene encoded a polypeptide composed of 189 amino acid residues (Fig. 5) . The first 24 amino acid residues encoded by the tdh gene constituted a putative signal peptide (19) . Assuming that this is the case with the trh gene, the calculated molecular weight of the preprotein is 21,082, and that of the mature protein is 17,959. Like TDH, TRH was supposed to be composed of two identical subunits, and the molecular weight of the TRH subunit was estimated to be 23,000 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified protein (6) . Such a discrepancy between the nucleotide sequence-based calculation and protein gel electrophoresis-based estimation was also observed in calculating the molecular weight of the TDH subunit (19) . The nucleotide sequence homology was reflected in the deduced amino acid sequence homology. The trh-coded polypeptide had 61.9 and 63.0% homology with the tdhl-and tdh2-encoded polypeptides, respectively. The putative signal peptide sequence encoded by the trh gene (positions 1 through 24 in Fig. 5 ) was significantly different from those encoded by the tdh gene copies (29.2 and 33.3% homology with the tdhl-and tdh2-encoded putative signal peptide sequences, respectively). Two cysteine residues formed an intrachain bond in the subunit of TDH (27) . The two cysteine residues were also conserved in the TRH subunit encoded by the trh gene (positions 175 and 185 in Fig. 5) .
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The hydrophobic-hydrophilic properties of the TRH subunit and the TDH subunit were compared by using the hydropathic index of Kyte and Doolittle (8) . Since the hydropathic profiles of the tdhl-and tdh2-encoded TDH subunits were extremely similar (tdhl and tdh2 gene copies had 97.2% nucleotide sequence homology), and the tdh2 but not the tdhl gene copy seemed to be expressed in a KP+ strain (Nishibuchi and the TDH subunit encoded by the There was no significant differer that the putative signal peptide of bic than that of TDH. The TRH gene and the TDH subunit coded b also compared for possible second the method of Chou and Fasman ( differences between the two predi the regions where the amino acid nucleate (x-helices or n-sheets c However, the region where the c cally differ over a large stretch w; DISCUSS1I TRH shared a common antig TDH and had a subunit structure tdh2 gene copy (Fig. 6) . This (18) . The homology between the two wr form ,-turns (Fig. 7) . AvaI-SalI fragment in the right orientation was not detected by screening the transformants with the hemolysis assay. In secondary structures of TRH pBIK8, the trh gene was probably transcribed from a weak icoded by the tdh2 gene copy.
promoter existing on the AvaI fragment of V. parahaemolytire predicted by the method of cus origin, which was ligated to the trh gene-bearing AvaI iere the amino acid sequences AX) or P-sheets (SHEET) or fragment. y the straight lines. Numerals A prominent difference in the amino acid sequences -amino acid residues starting deduced from the nucleotide sequences of the TRH and tides correspond to positions TDH subunits was found in the putative signal peptide region (Fig. 5) . The putative signal peptide encoded by the VOL. 57, 1989 trh gene was more hydrophobic than that of the tdh gene (Fig. 6) . It is tempting to speculate that the hydrophobic signal peptide coded by the trh gene is functional to some degree in E. coli. It can be a possible explanation for the observation that screening of the trh gene-bearing E. coli clones on the blood agar medium was possible, while the tdh gene-bearing E. coli clones had to be screened by examining intracellular hemolysin production (19) . Another possibility is a difference in signal peptidase processing.
Both the trh and tdh genes had similar G-plus-C contents, coded for polypeptides of identical lengths, and had significant nucleotide sequence homology. Despite 37% mismatches of the amino acid sequences deduced from the nucleotide sequences, the possible conformations of TRH and TDH appear to be similar; the hydrophobic-hydrophilic properties and the predicted secondary structures of the TRH and TDH subunits were not significantly different, and the two cysteine residues needed to form an intrachain bond were conserved in both hemolysin molecules. It seems, therefore, that both genes have a common ancestor and evolved by single-base changes so that they maintained the fundamental architecture of the molecules. This is reminiscent of the relationship between the cholera toxin of V. cholerae and the heat-labile enterotoxin of enterotoxigenic E. coli, both of which cause diarrhea through activation of adenylate cyclase of the target cells (15, 29) . Some of the physicochemical characteristics of TRH and TDH and the susceptibilities of various erythrocytes of the two hemolysins were dissimilar (6) . These can be explained by the differences in composition and conformation of the two hemolysin molecules caused by the mismatches in the amino acid sequences. An epidemiological study with tdh-specific and trh-specific gene probes revealed that strains potentially capable of producing TDH or TRH are associated with gastroenteritis cases (manuscript in preparation). If TRH and TDH play similar roles in inducing gastroenteritis, they should share a similar functional domain(s). Such a functional domain(s) may be predicted by amino acid sequence homology. We are currently examining the genes encoding TDH-like hemolysins of other Vibrio species isolated from gastroenteritis cases. Comparative analysis of these genes together with the present results may help to predict the amino acid sequences constituting the functional domain(s), which will lead to elucidation of the role of TDH, TRH, and related hemolysins in the pathogenesis of V. parahaemolyticus. Our future studies will be mutagenesis of the tdh and trh genes to assess the structure-function relationship of the hemolysin molecules and animal experiments with isogenic mutants to assess the pathogenic role of the hemolysins.
It is interesting to find that two hemolysin genes which have 68.4 to 68.6% nucleotide sequence homology exist in one bacterial species. We previously hypothesized that the tdh gene may have moved as a small genetic unit because the nucleotide sequences surrounding the structural genes of representative gene copies were heterologous, whereas the structural genes had very homologous sequences (Nishibuchi and Kaper, submitted). A similar observation was made when the trh gene and the tdh gene and their surrounding sequences were compared by restriction mapping (Fig. 3) and direct sequencing. The results support the hypothesis that the trh gene and the tdh gene may have been derived from a common ancestor and moved into different genetic backgrounds, and then the nucleotide sequences were modified therein. Hemolytic activities of TDH and TRH were completely or partially neutralized with antisera raised to TDH and to TRH (6) . It seems, therefore, that the divergent hemolysin gene sequences are due to random drift and clonal separation.
